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Abstract 
Maintaining a fixed indoor climate in historic buildings, especially if collections are housed is still an open scientific 
debate. The environmental management based on building historic microclimate and the one related to human 
thermal adaptation capability, may increase the time frequency of simultaneous comfort for people and collections
leading to a new generation of Indoor Environmental Quality (IEQ) management and certification. Nevertheless
some methodological unsolved issues related to the onsite activities aimed at assessing microclimatic quality either 
for people or for artefacts, as well as the conflict of parameters importance to consider during the certification 
process, leave room open to interpretation and arbitrary decisions. In this study a methodology for microclimate
evaluation and certification with regard to people and heritage is proposed. The presented method, is based on the 
analysis of the physical attributes deviation from the optimal/safe levels. The final indexing can be supportive
during regular-base microclimatic controls throughout different building spaces and time period.
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1. Introduction
If on one hand the needs of comprehensive Indoor Environmental Quality (IEQ) certifications are widely
suggested [1]–[5], on the other hand, the protocols for their implementation are often criticized [6]. 
When the microclimate quality has to be evaluated in historic and heritage buildings, an extra evaluation task 
beside the people comfort assessment should be integrated. Indeed, since in these buildings, multiple comfort levels 
have to be ensured, the IEQ evaluation should simultaneously consider people and heritage-materials1 microclimatic 
needs together with their specific priorities. 
In this contribution, the methodological pros and cons of the current IEQ certifications are discussed (para. 1.1) 
while, a synthetic IEQ assessment (limited to the hygrothermal comfort) and certification method targeted to 
heritage buildings is proposed (para. 2). 
The presented certification, enables a simultaneous analysis of the current building microclimate for both 
building users and artworks. An application of the proposed method, applied to an exhibition space of Vleeshuis 
museum in Antwerp- is also provided; finally limits and perspectives of the proposed method are discussed (para. 
3). 
1.1 Potentials and drawbacks of IEQ certifications applied to heritage buildings
A microclimate certification, when targeted to heritage buildings, should not be aimed at merely verify people 
comfort parameters fulfillment to the Standard requirements, but it should be meant to enable: a) Simultaneous 
evaluation of the environmental parameters interrelation and relative incidence assessment on the overall 
Microclimate Comfort (MC) quality [7]; b) Twofold assessment of people and heritage MC, and study of the 
possible overlappings between the diverse hygrothermal requirements [8]; c) General understanding of the 
microclimate hazards to the heritage materials conservation [9].  
Downsides of the existing IEQ certification methodologies are widely documented [10] and these might be 
summarized as: a) Missing of a protocol for the on-site measurement activities preparatory to the IEQ certification;
b) Missing of accordance on the physical attributes importance within the assessment matrix.
Despite the existence of several Standards proposing normalization on the monitoring activities aimed at assessing
materials or artifacts environmental wellbeing [11]–[14], the preparatory onsite measurements for successively
certifying people IEQ, are not yet standardized. As a consequence a protocol (e.g. for the measurement of time and
space variation or sampling interval of hygrothermal attributes) still lacks; however, more than one Standard
proposes categories for the hygrothermal quality certification. Moreover the missing of scientific acceptance around
the comfort parameters importance involved within the certification process is a common detected issue.
2. Microclimate Comfort (MC) evaluation
Existing CEN standards have been considered for setting classes of hygrothermal comfort and relative levels of 
deviation. The category ranges related to people thermal comfort (P), have been defined according to the calculation 
methodologies delivered by ISO 7730 and EN 15251. More specifically the Indoor Thermal Quality (ITQ) during 
the heated period has been calculated admitting the not adaptive comfort hypothesis, therefore considering valid the 
deterministic PMV (Predicted Mean Vote) thresholds; see Table A.1 in ISO 7730 [15].
Conversely, during the free running and cooling period, since a centralized HVAC system lacks, the people adaptive 
comfort hypothesis has been preferred. In this case, the MC levels are defined according to the indoor operative 
temperature minimum ሺߠ௜௠௜௡ሻ and maximum ሺߠ௜௠௔௫ሻ dynamic thresholds, calculated on the basis of the outer free
running mean temperature (ߠ௥௠ሻ; A.2 in EN 15251 [5]; see Table 2.2.b in 2.1.
1 With heritage materials the authors refer either to eventual movable collections or to artworks integrated into the building components (frescos, 
painted surfaces etc.) 
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The MC analysis for heritage (hygroscopic) materials (H) is based on the evaluation of the seasonal fluctuations. 
The indoor optimal microclimate (target range), is considered, according to the EN 15757, by admitting short term 
fluctuations (calculated on the seasonal cycles) not higher than the ones already experienced by the building 
materials in the long term. Only the risky short term fluctuations, numerically represented by the 7th and 93rd
percentile, should be eliminated. Less demanding, bust still safe ranges, are generally proposed considering the 10% 
positive and negative variation around the hygrothermal seasonal cycles or the exclusion of the 10% extreme short 
term fluctuations instead of 14% [12][16]. The mentioned two relaxation limits are considered in two ulterior 
categories: “still acceptable” and “good” Microclimate Comfort; see Table 2.2.a. The EN 15757 does not provide 
specification or constrains to the hygrothermal parameters daily cycles, even if these might produce even more 
artworks damage than long term ones [9]. In this study, the hygrothermal parameters daily fluctuations have been 
included; these are calculated on the 2 days centered moving average (CMA 49 periods) rather than on equidistant 
evaluation. Although this research is still ongoing, it has been observed that by admitting maximum 3% variation 
coefficient of hygrothermal parameters daily fluctuations, a stable indoor microclimate can be ensured. 
2.1 Certification methodology 
The comfort-deviation categories either for heritage (H) or for people (P) are graphically plotted in Image 1. The 
optimal comfort conditions is centered at zero. Zero represents the Microclimate Comfort neutrality; the progressive 
positive or negative stepwise deviations from it are represented by numerical variation: good conditions (±1), 
moderate conditions (±2) unacceptable conditions (±3).  
Image 1, Contoured representation of Microclimate Comfort Quality: Optimal (0), Good (±1), Acceptable (±2), Unacceptable (±3).
-3 -2 -1 0 1 2 3
An indoor space receiving a final score of zero, means that a neutral (optimal) Microclimate Comfort has been in 
it recorded, conversely a space receiving a final score of three (unacceptable MC) means that strong deviations from 
its MC neutrality have been experienced. The MC neutrality and relative deviations are listed in Table 2.2.a and 
2.2.b.
Table 2.2.a Ranking ranges for artworks (H)  
Deviation 
score ሺߚሻ MCH Microclimate Comfort Heritage Source Daily Fluctuations (οௗ௔௬) Incremental factors to ሺߚሻ
±3 φ(k) ൐  φഥ30(k)+φഥ30(k)10%Ǣφ(k) ൏ φഥ30(k)-φഥ30(k)10% EN 15757 -
±2 φഥ30(k)-φഥ30(k)10%≤ φ(k) ≤ φഥ30(k)+φഥ30(k)10% EN 15757
Max 3% CV Temp-RH
0 οௗ௔௬൑ ͵Ψ; ≥ 80% Time
0.5 οௗ௔௬൑ ͵Ψ; ≥ 70% Time
0.75 οௗ௔௬൑ ͵Ψ; < 70% Time
±1
ɔഥ͵ͲሺሻǦοɔ൑ɔሺሻ൑ɔഥ͵Ͳሺሻ൅οɔ
οɔ ൌ ͷ௧௛݌݁ݎܿǢοɔ ൌ ͻͷ௧௛݌݁ݎܿǤ
[16]
Max 2.5% CV Temp-RH
0 οௗ௔௬൑ ʹǤͷΨ; ≥ 80% Time
0.5 οௗ௔௬൑ ʹǤͷΨ; ≥ 70% Time
0.75 οௗ௔௬൑ ʹǤͷΨ; < 70% Time
0
φഥ30(k)-∆φ L≤ φ(k) ≤ φഥ30(k)+∆φ U 
οɔ ൌ ͹௧௛݌݁ݎܿǢοɔ ൌ ͻ͵௥ௗ݌݁ݎܿǤ
EN 15757
Max 2% CV Temp-RH
0 οௗ௔௬൑ ʹΨ; ≥ 80% Time
0.5 οௗ௔௬൑ ʹΨ; ≥ 70% Time
0.75 οௗ௔௬൑ ʹΨ; < 70% Time
The MC either for heritage (MCH) or for people (MCP) is calculated as the time frequency in which the specific 
environmental indicator ሺ߮ሺ௞ሻሻ insists within the defined comfort category intervals; see Eq. (1).
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ܯܥሺுǡ௉ሻ ൌ ෍ ߮ሺ௞೔ሻ
௡
௞೔ୀଵ where ൜
φ(k) ≤ ሺμሻ
φ(k) ≥ ሺμሻ
(1)
Table 2.2.b Ranking ranges for people (P) 
Deviation 
Score ሺߚሻ
MCP (Microclimate Comfort 
People) winter
Source MCP Microclimate Comfort People) free running
Source
±3 ൏ǦͲǤ͹Ǣ൐൅Ͳǡ͹ ISO 7730 ߠ௜௠௔௫ ൐ ͲǤ͵͵ߠ௥௠ ൅ ͳͺǤͺ ൅ ͶǢߠ௜௠௜௡ ൏ ͲǤ͵͵ߠ௥௠ ൅ ͳͺǤͺ െ Ͷ EN 15251
±2 ǦͲǡ͹൑൑൅Ͳǡ͹ ISO 7730 ͲǤ͵͵ߠ௥௠ ൅ ͳͺǤͺ െ Ͷ ൑ ߠ௜ ൑ ͲǤ͵͵ߠ௥௠ ൅ ͳͺǤͺ ൅ Ͷ EN 15251
±1 ǦͲǡͷ൑൑൅Ͳǡͷ ISO 7730 ͲǤ͵͵ߠ௥௠ ൅ ͳͺǤͺ െ ͵ ൑ ߠ௜ ൑ ͲǤ͵͵ߠ௥௠ ൅ ͳͺǤͺ ൅ ͵ EN 15251
0 ǦͲǡʹ൑൑൅Ͳǡʹ ISO 7730 ͲǤ͵͵ߠ௥௠ ൅ ͳͺǤͺ െ ʹ ൑ ߠ௜ ൑ ͲǤ͵͵ߠ௥௠ ൅ ͳͺǤͺ ൅ ʹ EN 15251
The superior and inferior indicators limits, for each category, are given in Table 2.2.a and 2.2.b. The incidence of the 
microclimate deviations from the neutral comfort, is expressed by a stepwise numerical perturbation from 0. With 
the purpose of expressing this incidence, the vector ሺߚሻ is introduced. The incidence vector ሺߚሻ is a ሺ͹ݔͳሻ matrix, 
with elements ranging from ሼെ͵ǡǥ ǡ൅͵ሽ as plotted in Image 1. Nota bene, in this study symmetrical importance is 
given to upper and lower deviations, however a weighted or asymmetrical incidence might be considered according 
to the specific building and collection requirements.
In the first step, two dimensionless time frequency matrices: for people ሺ ௉ܶሻ  and heritageሺ ுܶሻ , are built
respectively considering the frequency of time during which the ሺ߮௧௛௉) or ሺ߮௧௛ுሻ environmental indicator (in rows)
falls in the ሺ߲୲୦ሻ deviation interval (in column).
ுܶ =
ۏ
ݐଵǡଵ ǥ ݐଵǡడ ǥ ݐଵǡ௡
ڭ
ݐఝǡଵ ǥ ݐఝǡడ ǥ ݐఝǡ௡
ڭ
ݐ௠ǡଵ ǥ ݐ௠ǡడ ǥ ݐఝǡడے
߮ ൌ ͳǡ݉തതതതതത߲ ൌ ͳǡ ݊തതതതത
(2)
Where m - number of (H) MC indicators; n - deviation intervals represented in Image 1. In this study (݉௉ ൌ ͳሻ,
and (݉ு ൌ ʹሻ, while (݊ ൌ ͹ሻ.
In the second step, the incidence matrices for heritage ሺ ுܲሻ and people ሺ ௉ܲሻ  are calculated as the product
between the time frequency matrices, ሺ ுܶሻ or ሺ ௉ܶሻ, and the perturbation ሺߚሻ vector; considering its elements in
absolute value. The result is a ሺ݉ݔͳሻ  matrix describing, for each considered indicator, the extent of the 
experienced deviation from the microclimate neutrality, according to its time (time frequency matrix) and magnitude 
(perturbation vector); see Eq. (3-4). With regard to the heritage indicators (H), the extent of daily parameters 
fluctuations either for temperature or for relative humidity should be taken into account separately. The coefficients 
of variation of the daily CMA parameters fluctuation should be compared to the maximum admitted ones as 
reported in Table 2.2.a.  
ሺ ுܲሻ ൌ  ሺ ுܶሻ  ൉  ሺߚሻ (3)
ሺ ௉ܲሻ ൌ  ሺ ௉ܶሻ  ൉  ሺߚሻ (4)
Temperature and Relative Humidity have different incidence on people indoor climate perception or heritage 
materials deterioration. With the aim of weighting the ൫ ሺܲுǡ௉ሻ൯  matrices, the importance for the considered
hygrothermal indicators has been defined according to a literature review on selected published studies and 
European Norms; finally ranked by Borda Count Method [17]. With regard to people, temperature and relative 
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humidity, are considered equally important, while with regard to heritage (hygroscopic) materials, the importance is 
respectively 0.33 (temperature) and 0.67 (relative humidity). Relative Humidity plays indeed a faster role on 
hygroscopic materials deterioration [9]. 
The weighted incidence matrices for people ሺ ௉ܲതതതሻ  and heritageሺ ுܲതതതതሻ , are given, hence, by the product of the
transposed incidence matrices, ሺ ௉ܲሻ் and ሺ ுܲሻ் by the theoretical weighting vector ሼ ഥ߱௉ሽ or ሼ ഥ߱ுሽ. See Eq. (5-6).
ሺ ௉ܲതതതሻ ൌ  ሺ ௉ܲሻ்  ൉ ሺ ഥ߱௉ሻ ሺ݉ ൌ ͳሻ (5)
ሺ ுܲതതതതሻ ൌ  ሺ ுܲሻ்  ൉ ሺ ഥ߱ுሻ ሺ݉ ൌ ʹሻ (6)
The results of the two matrices are two factor representing the current MC performance with regard to people or 
heritage considering either the magnitude of the experienced deviations or the importance of the single involved 
environmental indicator. Finally, a Simultaneous Performance Index (SPI), for delivering a complete picture of the 
current IEQ with regard to heritage and people comfort, can be calculated according to Eq. (7). Even if in this 
contribution, no further weighting is considered, an adjunctive weighting process, for distinguishing the importance 
between heritage and people comfort in spaces with specific requirements, may be introduced. 
ܵܲܫ ൌ σ ሺܲுǡ௉ሻ
തതതതതതത௡ఘୀଵ
σ ݉ ሺ݉ ൌ ͵ሻ (7)
Where m - number of Heritage and People MC Indicators. As mentioned, the optimal MC coincides with the 
microclimate neutrality (0). The obtained SPI value, other than 0, represents the deviation from the optimal 
Microclimate Comfort. If the obtained ሺ തܲሻ  is not calculated according to spatial homogeneously-performed 
measurements, its value should be weighted according to the representativeness of the monitored surface area.  
3. Results discussion and conclusions
In this paragraph, an application of the proposed method is given considering one exhibition space in the musical 
instrument museum of Antwerp (Belgium) in the period from March to September 2014. As the aim of this 
contribution is to deliver a general understanding of the methodology, the results should be not considered 
exhaustive for a comprehensive museum microclimate quality representation.  
Table 3.1 Microclimate -Simultaneous Performance Index (SPI) 
Hygrothermal quality Heritage
(T,RH)
Hygrothermal Quality People 
(T-RH)
Simultaneous Performance Index 
(SPI)
0.87 0.48 0.45
Incidence 64% 36%
The obtained Simultaneous Performance Index (SPI), representing the hygrothermal quality either for people or for 
heritage materials, is 0.45. This value falls in category (1) which defines a good level of microclimate comfort; see 
Table 2.2.a and 2.2.b. Even if minor deviations from the optimal microclimate range are registered, these do not 
compromise neither the hygrothermal quality for people nor the safety for materials preservation. This level of 
assessment may be enough for obtaining an overall picture of the space microclimate quality; indeed as far as the 
calculated SPI lays in a still acceptable class (up to, ±2 parameters deviation) no further investigation is necessary.
However, since higher deviance incidence is registered in relation to heritage microclimate indicators (64%), it 
might be convenient, for verifying the effectiveness of the current museum indoor climate management, to review 
the causes of the minor experienced deviation. 
Breaking down the heritage microclimate indicators, it is possible to observe the driving role played by the 
Hygrometric comfort in diminishing the whole microclimate quality (41%).  
1370   Giovanni Litti et al. /  Energy Procedia  78 ( 2015 )  1365 – 1370 
Table 3.2 Microclimate -Simultaneous Performance Index (SPI); Indicators breakdown 
Thermal Quality Heritage 
(H)
Hygrometric Quality 
Heritage (H)
Hygrothermal Quality 
People (P)
Simultaneous Performance 
Index (SPI)
0.32 0.55 0.48 0.45
Incidence 23% 41% 36%
During the monitoring period, Relative Humidity showed almost equal stability as Temperature according to the 
long and short term fluctuations. However 10% of RH observations (compared to 5% of Temperature) fallen within 
the second class of microclimate quality, producing a general lowering of the hygrometric indicator performance. 
This performance reduction is significantly accentuated considering a weighting factor doubled compared to the one 
related to Temperature. This condition obviously fits in cases, like in the one investigated, in which the moisture 
damage plays a major role on materials deterioration. Eventually, the mentioned weight may be adjusted according 
to the exhibition preservation needs.  
Although a good overall understanding of heritage buildings microclimatic quality is enabled by the proposed 
methodology, further studies are ongoing to refine this model including particular microclimate requirements and to 
overcome the limits imposed by the categorical scaling.  
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